N number of functionals during the sensitivity analysis, -n unit vector normal to the external boundary Γ, directed outwards to the domain Ω bounded by this boundary, -P number of design parameters during the sensitivity analysis, -p proportion between the sorption rates, -vector of heat flux density, Wm Γ external boundary of the structure, -γ 1 ;γ 2 boundary integrands of the objective functional, -ε effective porosity of the textile material, -η absorption coefficient, -λ w cross coefficient described as the heat sorption of water vapour by fibres, J kg -1 Σ discontinuity line between the adjacent parts of piecewise smooth boundary Γ, -r density of fibres, kg m -3 τ transformed time in the adjoint structure, s χ Lagrange multiplier, -Ψ 1 ;Ψ 2 domain integrands of the objective functional, -Ω domain of the structure, m also on clinical outcomes including neonatal death rate [21] . Implications for practice are: prevention against heat loss at birth, thermal protection for low birth-weight babies, reduction of high evaporative water and heat losses, and warming hypothermic babies.
Knobel [12] reviews current research and recommendations to give nurses evidence to formulate thermal stability guidelines for premature infants as well as areas where more research is needed.
Some therapeutic values of heat, characteristics of hyperthermia, its beneficial effects, determination of characteristic temperatures, etc. were discussed by Vertrees et al. [24] . The problem was examined using the thermography to measure body surface temperature.
According to Agourram et al. [1] , the bonnet can be applied because large amounts of heat can be lost through the head. On the other hand, the bonnet may increase the risk of hyperthermia because of the significant area of skin and excellent thermal insulation. Authors determine characteristic times in mathematical model. Plastic bag combined with bonnet does not cause a critical situation as long as metabolic heat production does not increase [1] .
The increased heat production and decreased heat loss, timing of these events and their development pattern can change the care for neonates, cf. Sahni and Schulze [18] .
The main goal of the paper is to optimise the thickness of textile bonnet for neonates using the sensitivity analysis and material derivative concept. Physically speaking, the different mechanisms of heat and mass transfer are considered. Global mathematical model is formulated using the equations of heat and moisture transport accompanied by a set of boundary and initial conditions. The paper is a continuation of previous work concerning heat and mass transport and the application of thermal balance for neonates [14] [15] [16] 22] as well as sensitivity analysis and optimisation [7, 8] . The novelty element is an application of the direct approach to sensitivity analysis into optimisation procedure of the bonnet. A set of material parameters is introduced as moisture-dependent. Two different optimisation cases are analysed by means of health criteria as well as their physical and mathematical description is formulated. The analysed literature does not contain any sources that relate to optimisation of the composite bonnet made of different materials using above methods.
Model description
Since a long time bonnets were applied to optimise the heat and mass loss from the uncovered head to surrounding. Thus, bonnets were used as a typical and simple protection of a newborn baby against hypothermia. Analysis of available literature shows that the special bonnets for newborns of medical structure are not currently used. From the practical point of view, only commercially available models are used. The main criterion is the application of such a structure: whether it is
Introduction
Coupled heat and mass transport is an important phenomenon in the building process of the newborn medical care. Neonates have a higher risk of mortality than other children [10] . Due to the rapid changes after birth, it is crucial to maintain the fluid balance necessary for the maintenance of adequate functioning of vital bodily systems in these infants. Studies have shown that the application of semipermeable membranes to the skin of newborns can aid in protecting the skin, reduce disturbances in fluid and electrolyte levels, and decrease neonatal mortality.
The high-risk neonate is defined as a newborn, who has a greater-than-average chance of morbidity or mortality, usually because of conditions or circumstances superimposed on the normal course of events associated with birth and the adjustment to extrauterine existence [2] . One of the basic problems is to reduce the heat and particularly the evaporative heat transfer from the skin.
Hypothermia at birth is a worldwide problem [25] . It can also occur during transfer of infants to neonatal units, during routine care and in operating theatres. Similarly, hyperthermia can have severe adverse consequences and should be avoided. Current routine neonatal practice is founded upon preventing significant temperature changes.
The feasibility of using an infrared camera to measure body temperature in neonates housed in heated, humid incubators has been investigated in [13] . Authors examined thermograms to analyse distributions between central and peripheral body temperature in low birth-weight infants. This technology was used to examine the relationship between body temperature and development of necrotising enterocolitis in premature infants.
The skin of newborn infant is covered by amniotic fluid and vernix cascosa [19] . Evaporation from the body surface causes the body temperature to be lowered. The infant is exposed to a colder temperature than it experiences in the incubator. Exposure to cold may give rise to thermogenic response that will increase the basal heat production.
Optimising the thermal environment has proven to be significant for improving the chances of survival for newborns, cf. [20, 23] . Understanding the basic physiologic principles and current methodology of thermoregulation is important in the clinical care of these tiny infants. Sherman et al. and Pretty Turnbull highlights the principles of thermoregulation and technologic advances that provide thermal support to our vulnerable neonatal population.
The functional design process can be the conceptual framework to design and evaluate clothing for the premature infant in the intensive care setting, cf. Bergen et al. [6] . A few design criteria can be identified from which specifications were developed and their interrelationships explored through an interaction matrix.
Thermal environment has important effects not just on body temperature and physiologic responses of neonates, but used only in an incubator or outside the room. Assuming that the bonnet is applied only within the incubator, we can determine a lot of sources of various designs and models, cf. for example information about the self-implementation according to [4] or general characteristics of the structure [5] . The typical commercial bonnet is a composite structure made of a few material layers. External layers are made of cotton or wool whereas lining is cotton/polyester blend. Some theoretical problems concerning the covering area by the bonnet are discussed by Agourram et al. [1] . The primary disadvantage of the bonnet is that the body of a newborn is sensitive to overheating, which may lead in a longer time to hyperthermia. Thus, there are three factors which may affect the efficiency of structure: the type of material, material thickness and covering area of the head. It follows that the newborn with the bonnet shall be subjected to a constant temperature control to ensure the thermal equilibrium.
Let us introduce the composite bonnet made of the materials of different thicknesses: one or two textiles situated on the newborn skull. The internal textile is applied to secure the adequate feel of product whereas the external textile protect against mechanical damage. Head is the most sensitive body portion of a newborn baby, cf. Auguram et al. [1] , Figure 1a . Considerable surface of the uncovered head causes the significant heat and mass loss from the skin to surrounding. We assume that the bonnet is situated on the head at the beginning of heat and mass transfer. It follows that the change of volume caused by moisture diffusion is negligible with respect to dry textile fibres, Li [17] . The measurements are much shorter than the time of considerable changes of volume. The main problem is to optimise the thickness of complex textile structure to secure the optimal skin parameters.
The spatial design of structure is the most general, but requires a long computational time and programming effort. On the other hand, thickness of the bonnet should be the same over the entire surface. To simplify the calculations the 3D spatial problem is reduced to the 2D plane optimization. The most representative cross-section is the symmetry plane, which can be approximated by arcs, straight lines and points on the specified coordinates, cf. Figure 1b . Furthermore, the temperature and humidity sensors are located in the symmetry plane.
Physically speaking, heat and mass transport is the coupled phenomenon, that is, the heat is partially transported with moisture whereas the mass transport with heat is negligible. Heat is transported by conduction in fibres as well as convection and radiation on external surfaces to void interfibre spaces. Moisture diffuses in fibres and through interfibre spaces, Li [17] .
The coupled transport should be always determined in a homogeneous structure. However, the bonnet is a heterogeneous complex textile product made of knitted fabrics, which consists of fibres and the void spaces between fibres. Elementary fibres are also nonhomogeneous with an internal porosity resulting from voids between the fibres, as a result of the spinning process. Thus, the product should be homogenised in a two-stage procedure. First, the fibres are homogenised with respect to internal inhomogeneity/porosity of fibres what can be described as "internal" homogenisation. Next, the whole product or the particular layer is homogenised including the voids between the fibres, which can be described as "external" homogenisation. The heat and mass transfer coefficients are also porosity-dependent and can be determined according to [11] .
Physical model of heat and mass transport within bonnet is determined by the assumptions according to Li [17] . 
Third equation describes the process of sorption/desorption of moisture at the interface between the fibres and the void spaces between fibres, see Li [17] . Equilibrium time teq is determined by several authors, cf. Li [17] ; Haghi [11] . The first stage of the sorption process is described by Fick's diffusion with a constant diffusion coefficient, since the bonnet is placed on the head immediately before measurements. Fractional water content on fiber surface is under the prescribed boundary value. Introducing the instantaneous thermodynamic equilibrium between fibres and voids, the cylindrical fibres are characterised by the following moisture concentration and sorption rate.
The sorption process during the second stage is more random and stochastic. The moisture sorption rate R 2 is now an experimental relationship, cf. Li [17] . (4) where s1 and s2 are constant during the sorption and reported in the literature for any textile fibres Li [17] . The physical processes between fibres and voids between fibres are defined by the following parameters: the absolute humidities wf wa, the water vapour pressures ef ea, the temperatures Tf Ta, the relative humidities Hf Ha. Introducing the instantaneous thermodynamic equilibrium between fibres and fluid in free spaces, we can introduce the same saturated vapour pressure Ea=Ef and temperature Ta=Tf; cf. Li [17] . Comparing the corresponding ratios of absolute and relative humidities, the same factor of proportionality can be determined. In fact it is the absorption coefficient, which is the measure of the moisture absorbed within fibres.
Introducing the coefficient η into the state equations Equation (1), the coupled heat and mass transport can be described globally in each material layer of composite structure. Heat and mass transfer equations have similar form for both phases of sorption and are described in the form.
where β=ρ for the first stage and β=η for the second stage of sorption process.
Let us introduce boundary and initial conditions. Internal structural boundary contacting the newborn head has the prescribed distribution of the temperature and moisture, that is the first-kind conditions are determined Γext1=ΓTΓ1. External boundary open to surrounding is subjected to the heat and mass convection (i.e. the third-kind conditions) as well as the heat radiation Γext2=ΓCÈΓrÈΓ3. Side boundaries of the insignificant thickness are thermally isolated. It follows that the heat and mass flux densities are negligible, that is, the second-kind conditions are defined Γext3=ΓqÈΓ2. Internal boundaries Γ 4 of multilayer structure are characterised by the same values of temperature and moisture concentration. The initial conditions describe the distribution of temperature and water vapour concentration at the beginning of coupled transport. Set of boundary and initial conditions is depicted in Figure 2 and denoted mathematically in the form.
Application of first-order sensitivity approach
Let us apply the sensitivity approach to optimise the thickness of bonnet. Material derivative concept is introduced , that is, the first-order sensitivity is now the material derivative of objective functional with respect to parameters. Assume that the objective functional is described generally by two independent variables wf; qw. (8) where γ is continuous and differentiable function of the arguments. First-order sensitivity of objective functional is analysed using the direct approach [14, 15] . This method is advantageous for simple shapes described by a small number of design variables, in this case the material thickness. State variables are the temperature Tp and the moisture concentrations p f w , p a w . The solution requires a set of additional heat and mass transfer problems associated with each design parameter, that is, for P design parameters we have to solve 1 primary and P additional problems. The problems are described by the same shape, material parameters and transport conditions whereas the distributions of some heat and moisture fields are different within structural domain and on the external boundaries.
The additional advantage of direct approach is that, primary and additional problems associated with each design parameter are similar, that is, the equations of mass and heat transport as well as boundary conditions. Furthermore, time is calculated exactly the same way and the transformation of time is superfluous. Transport equations are material derivatives of the appropriate equations for primary problem in each material layer and can be denoted in consolidated form in respect of Equation (6), cf. also [15] . (9) The set of conditions can be formulated using the derivatives of appropriate correlations, Equations (7) and (11) . Thus, we assume that the state parameters T 0 on Γ T ; w f 0 on Γ 1 are defined in advance on the adequate part of external boundary. The material derivatives in respect of design parameters are consequently equal to Likewise, the material derivatives for the initial conditions are denoted now
The set of conditions has the final form.
Let us consider the sensitivity correlation of an arbitrary functional described by Equation (8) . The general form of sensitivity expression is described as follows [14, 15] .
Above correlation can be integrated by parts and in time. Introducing the material derivatives of state variables and the boundary parts Γ=Γ1ÈΓ2ÈΓ3 cf. (11), the first-order sensitivity is determined in final form determined for the objective functional given by Equation (8) . The particular form of sensitivity expression depends on the assumed particular form of the objective functional and can be obtained by the simple elimination of some superfluous terms.
Problem of optimal design
The problem of optimal design can be defined as minimisation of the objective functional G accompanied by equality constraint of the constant heat flux density on the external boundary of the bonnet Γ ext2 . Let us define the objective functional determining the mass transport within bonnet. The constraints concerning heat transport can be continuous or discrete and the functions can be known in each point of bounding surface and in time.
Introducing the Lagrangian functional in the form and its stationarity conditions, the following optimality conditions are implemented [15] . (14) Our next goal is to define the detailed optimisation problems on the external surface of the cross section of the bonnet Γ ext2 . The health criterion can determine the adequate moisture content of the newborn skin. Physically speaking, the moisture flux density should be minimised on the external part of cross-section Γext2.
(15)
The primary problem is defined again by means of Equations (6), Equations (7) whereas the direct approach to sensitivity analysis by Equations (9), Equations (10) . The external boundary is approximated by means of the line segments, that is, the mean curvature of the external boundary H=0. The sensitivity expression has now the final form because of Equation (12). (16) The next criterion of health ensures the equalised distribution of moisture on the surface of newborn head. Optimization criterion is the minimised global measure of local state variable (i.e. moisture concentration in fibres wf) on the external surface of the bonnet Γext2.
(17)
The primary and additional problems are defined as before by Equations (6) - (7); Equations (9) - (10); and the sensitivity expression can be denoted now using Equation (12) . (18 (21) The basic quality criterion is to provide the adequate moisture content of the skin, Equation (15) . Design variable is the thickness of the only material layer g and thicknesses of two layers g1 and g2. Temperature of head varies linearly along the internal line from 38 ºC at the rear to 34 ºC at the front part of the skull. It follows that the portion Γ T is subjected to temperature T(x)=T0(x) and temperature varies linearly along the length. The external part of the bonnet is subjected to the thermal convection and thermal radiation to surrounding temperature T∞=20°C of mass convection coefficient hw=0,137 m/s. Let us introduce the negligible initial heat flux densities q*=q w *=0 and source capacities f=fw=0. The conditions are defined by Equation (7) and the transport equations are determined for each layer with respect to Equation (6) . (22) The set of conditions is described by Equation (10) and the sensitivity expressions by Equation (16) . Transport equations in additional structure are determined in each layer by means of Equations (9). (23) The thickness is arbitrarily determined between the minimum equal to 20 % of initial to the maximum 150 % of initial dimension. Optimization procedure is iterative. Analysis stage is based on the net of Finite Element Method, the cross-section is discretised using 4-nodal rectangular elements of 898 nodes. Synthesis stage is based on directional minimization of objective functional using the external penalty function. Optimization with constraints is transformed to the unconstrained one and directional minimum is determined using the typical second-order Newton Method. Alternative is the typical first-order method, that is, the steepest descent method. The initial and optimal thicknesses, and the number of iteration steps are shown in Table 1 . The principle of moisture isolator is that the thickness of material layers should be as large as possible. The optimal sum of material thicknesses is less than the same sum for initial layers. Irrespective of the global dimension, each optimal thickness of internal layer is a thicker than the initial one.
Numerical examples
The next optimization problem is the equalised moisture distribution on the external surface of the bonnet, Equation (17) . Analysis stage was determined using the rectangular Finite Element Net of 898 nodes. Initial and optimal dimensions are shown in Table  2 . The principle of moisture equalization does not give the optimum thickness as clear as before. The optimal sum of material thicknesses is less than the same sum for initial layers. Irrespective of the global dimension, each optimal thickness of internal layer is a thicker than the initial one.
Conclusions
Optimal material thickness of the bonnet is a fundamental question during the heat and mass transport from the newborn body to surrounding. The health criterion is always accompanied by the corresponding optimization problem. Each objective functional has the unequivocal physical interpretation because the variational formulation of Finite Element Method is applied. Minimisation of objective functional is solution of the real physical problem, whereas the constraints describe the permissible area from physical and technological point of view. Of course, the optimal thickness depends on a specific optimization problem. The transient problems are complicated and should be solved approximately by means of different numerical methods. The steady problems can be considerably simplified for some particular cases. Boundary conditions are formulated by description and implementation of physical phenomena during coupled transport within the bonnet. The type of material influences the optimal thickness, the smallest one is the bonnet made of polyester.
The optimisation procedure is effective, that is, the optimal objective functional is always less than the initial. The discussed method seems to be a promising tool to optimise the material thickness and consequently the thermal conditions within the bonnet. Regardless of the optimization constraints, the additional restrictions on the material thickness are introduced in each iteration to secure the correct results. The optimal dimensions are representative because 3D spatial problem is reduced to the cross-section by the plane of symmetry, that is, planar 2D problem. The advantage is the incomparable short calculation time, the significant economic profit in relation to the other conventional methods, and an unlimited range of modeling the phenomena.
The obtained optimisation results should be practically verified. The problem is beyond the scope of the publication presented and will be discussed in subsequent works. General problem is always a balance between the model complexity and computational effort. The more complex the model, the longer the computation time. The introduced plane model and the uncomplicated rectangular net of four-nodal elements are simple enough. On the other hand, the space 3D problem and the complex Finite Element Net made of considerable number of nodes causes that the calculations are long and complicated.
The bonnet can be subjected to further modification of the textile structure. In order to ensure a unidirectional moisture transport is possible to introduce a semipermeable membrane made of thin foil. Physical description of the membrane effect is complicated depending on the diameter of pores, and the material parameters can be determined on the basis of experimental and laboratory tests. Additionally, it is necessary to examine the influence of different materials on the optimal thickness of the bonnet. Other textile materials may be used (i.e. woven fabrics, nonwovens) and compare with the conventional medical materials (i.e. the foil of different and varying permeability).
